The formation and healing processes of the fundamental topological defect in graphitic materials, the Stone-Wales (SW) defect, are brought into a chemical context by considering the rotation of a carbon-carbon bond as chemical reaction. We investigate the rates and mechanisms of these SW transformations in graphene at the atomic scale using transmission electron microscopy. We develop a statistical atomic kinetics formalism, using direct observations obtained under different conditions to determine key kinetic parameters of the reactions. Based on the obtained statistics we quantify thermally and irradiation induced routes, identifying a thermal process of healing with an activation energy consistent with predicted adatom catalysed mechanisms. We discover exceptionally high rates for irradiation induced SW healing, incompatible with the previously assumed mechanism of direct knockon damage and indicating the presence of an efficient nonadiabatic coupling healing mechanism involving beam induced electronic excitations of the SW defect. * Corresponding authors.
Introduction
The emergence of low-voltage, aberration-corrected, high-resolution transmission electron microscopy (AC-HRTEM) with high spatial and temporal resolution has made in situ monitoring of dynamic processes in graphitic nanomaterials at a single-atom level routinely accessible. [1] [2] [3] Observations of the dynamic behaviour of extended atomic-scale lattice defects [4, 5] and the transformation of carbon nanostructures under the electron beam (ebeam), [6, 7] in some cases leading to the formation of entirely new nanostructures, [8, 9] have attracted considerable interest. Our recent review [10] discusses the energetics of these processes, detailing the wide variety of thermally and irradiation induced structure changes in graphene. Analysing AC-HRTEM image sequences of elementary steps of structure change can facilitate an understanding of the overall reaction and provide information about the reaction mechanism. [8] However, quantitative experimental assessment of the kinetics of single defect transformations is perceived to be extremely difficult. Important chemical and kinetic parameters of the elementary atomic rearrangements can be, in principle, extracted from a rigorous statistical treatment of a large number of directly observed events. [11] In this approach, the high-energy electrons of the imaging beam also serve as a source of energy to initiate the chemical reaction, similar to the effect of high temperature.
Electron beam induced reactions are typically described in terms of the reaction crosssection, which depends on the energy of the incident beam and the minimum threshold energy required to activate the reaction. [12] The reaction cross-section defines the probability of a single reaction for a given flux of incident electrons, and determines the relative rates of such processes. The irreversible process of atom emission is the most significant and potent e-beam induced structure modification, and the cross-section of this process in graphene has been derived experimentally. [11, 13] Error! Bookmark not defined. This cross-section is also well known theoretically in both graphene [14] and other carbon nanomaterials such as nanotubes, [15, 16] graphene flakes, [17] and graphene nanoribbons. [18] The other major M A N U S C R I P T
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3 transformation -the rotation of a single carbon-carbon bond by 90° leading to the StoneWales (SW) defect [19] -is, unlike atom emission, a directly reversible process. The SW defect is a fundamentally important topological defect, and the SW transformation underpins a wide variety of dynamical behaviour in graphene. [20] Its easily reversible nature makes experimental estimation of the cross-sections a formidable task. The threshold energies of SW transformations have only been estimated theoretically, and cross-sections have not been predicted even computationally due to the complex anisotropy of these threshold energies. [20, 21] Meanwhile, the equivalent kinetic parameters for the thermally activated reactions have been widely studied theoretically; but, despite this extensive interest and key relevance to the targeted structural modification of graphene, experimental kinetics studies have thus far remained inaccessible.
In this paper, we develop a statistical atomic kinetics formalism for measurements of reaction rates and apply it to study bond rotations (SW transformations) in graphene. We use the ebeam to activate the reaction, and apply a rigorous statistical treatment of individual SW transformations, directly observed at atomic resolution by AC-HRTEM, to decouple the key processes contributing to the reaction. This separation of thermal and e-beam induced routes allows us to fully characterise the kinetic parameters of each mechanism, providing the first experimentally derived values for the irradiation cross-sections and thermal activation energies of SW transformations in graphene. Finally, a comparison of these values with theoretical predictions provides intriguing mechanistic insight into the underlying atomic processes.
Rate constants and cross-sections of reversible beam induced reactions
In this section, atomistic beam induced reactions are considered in analogy to macroscopic reaction kinetics. An approach is developed by which macroscopic rate constants and
reaction cross-sections can be extracted from the statistics of many atomic-scale observations in TEM.
In the framework of chemical kinetics the rate of a unimolecular reaction, in which species ‫ܣ‬ simply rearranges itself to produce one or more products, is generally given as
where ݇ is the reaction rate constant. For a thermally induced reaction, the temperature dependence of the thermal reaction rate constant ݇ ௧ is often given by the Arrhenius equation
ܲ is the frequency factor (the rate of particle collisions in gas or liquid, or the rate of bond vibrations in a solid), while the exponent is the probability factor or the success rate of the considered process, namely the proportion of particles at temperature ܶ with a greater energy than the activation energy ‫ܧ‬ . The rate of an equivalent irradiation induced reaction can be expressed as
݆ is the irradiation flux (in nm -2 s -1 ) and ߪ is the reaction cross-section, which has a dimension of area (1 barn = 10 -10 nm 2 ). The macroscopic rate constant of the irradiation induced reaction ݇ can be defined as
In relation to the Arrhenius equation (2), for an irradiation induced reaction the frequency factor is now expressed as the irradiation flux ݆, while the probability factor is simply the reaction cross-section ߪ. It should be stressed that the kinetic analysis presented above makes no assumptions regarding the mechanism of the beam induced reaction (or, indeed, of the nature of the beam) and so the cross-sections measured using this approach and presented in this paper are similarly independent of any particular mechanism. Mechanistic insight can be
obtained by comparing these cross-sections to theoretically calculated ones corresponding to a particular process, as we discuss later.
The direct relationship (4) between the reaction rate constant defined macroscopically and the atomistic value of the reaction cross-section, in principle, allows for experimental techniques traditionally used to obtain one to be used to acquire the other. This concept is particularly well suited for studying the formation and transformations of atomic-scale defects in monolayer graphene. For irreversible e-beam induced processes, such as atom ejection, the reaction rate constant of defect formation can be obtained simply from the accumulation of the product with time, [11] directly from equation (3) . The reaction rate of a reversible reaction, e.g. the formation and healing of defect species D under the e-beam, is determined by the rate of both defect formation and defect healing denoted by subscripts f and h, respectively
ሾ‫ܥ‬ሿ is the density of atoms in the pristine sample, which in the case of graphene is defined 
As the healing rate depends on the defect concentration [D] , which is very low and difficult to measure exactly, it is convenient to consider the healing of defects on an individual basis using the finite difference form of equation (7) setting [D] and n h to 1 nm -2 .
Equation (8) reformulates the problem in terms of the average lifetime ‫ݐ∆‬ of a single defect, rather than the aggregate reaction rate, thus removing the dependence on the defect concentration and allowing for the direct measurement of the healing rate from the experimental image series. The average lifedose (the dose of electrons required to heal the defect) is related to the average lifetime as
Note from (9) that for the irradiation induced first order reaction the lifedose does not depend on the electron flux, which will become important in discussion of the results.
In the case of reversible processes, such as SW transformations, there is an additional complication related to the fact that the lifetime of a defect can be very short, so that its creation and subsequent elimination passes unnoticed by the image recording system. The principal limitation for temporal resolution in AC-HRTEM is the shot noise, which we have discussed in detail previously. [17] The visibility (an obtainable signal-to-noise ratio) of a particular atomic configuration is defined by the relation between the lifedose and the minimum electron dose required to image it. The other limitation for temporal resolution is
the speed of the imaging device, which in our case corresponds to a minimum frame time of 50 ms. In order to understand the visibility of the SW transformations in detail we have performed extensive image simulations, accounting for the lifetime of the defect, shot noise and modulation function of the CCD camera. Details can be found in the Supporting
Information. These simulations show that the minimum electron dose required to identify the SW defect (the shot noise limit) is ~10 5 nm -2 ; and in the case of a high signal-to-noise ratio the SW defect is recognisable in the image once it has lived more than 10% of the frame time.
The inaccessibility of the short-lived defects leads to an overestimation of the average lifedose and consequently to an underestimation of the healing cross-section, ߪ , derived from equation (9) . A solution to this problem can be found if we note that the actual value of the lifedose is statistically distributed due to the stochastic nature of the process. The probability distribution of the lifedose ܺ follows the geometric distribution (see the Supporting Information for further discussion, note that ߪ and ܺ are dimensionless here):
where ݊ (ܺ) is the experimentally observed number of healing events happened after deposition of dose X, and N is a total number of created defects including invisible short-lived ones. Although the lower part of this distribution is missed due to the limited temporal resolution, it still can be fitted to experimental data, with ߪ and N as free parameters. This provides an unbiased measure of ߪ independent of the one obtained from equation (9) . At the same time an unbiased value for ߪ accounting for the short-lived defects can be calculated using N and equation (6).
Experimental results
We begin this section by examining SW defect formation, experimentally quantifying the rates of thermally and irradiation induced pathways, and then accounting for short-lived
defects. This is followed by a similar treatment for the process of SW defect healing. These results are summarised in table 1, with comparisons to theoretical expectations. In the discussion we consider the very large discrepancies between existing theory and this experimental data, and propose a potential explanation for the observed cross-sections.
SW defect transformations were induced and imaged using AC-HRTEM, in areas of pristine The cross-section of SW formation, ߪ , can be estimated from equation (6) in two independent ways: in the integral form as a total number of observed formation events per total area per total dose, and as the slope of a linear plot showing the SW formation rate as a function of electron flux (see Figure 2) . We assume that the concentration of SW defects [D] is negligible compared to the area density of carbon atoms in graphene (ሾ‫ܥ‬ሿ = 38.2 nm -2 , see the Supporting Information for discussion concerning low ሾ‫ܦ‬ሿ). These two estimations give the respective values for the ߪ of (0.059± 0.006) and (0.067 ± 0.017) barn for 60 keV, and (0.066±0.008) and (0.060±0.008) barn for 80 keV. It is important to note that, within the reported error bars, the values for the ߪ obtained by two independent methods are intrinsically the same. As short-lived SW defects were not captured by AC-HRTEM, these cross-sections can only be considered as reliable estimates for the lower limit. 
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Values of the intercept with the y-axis were calculated to be (6. 
where ݇ ௧ is the thermal reaction rate constant of SW formation. Assuming that the thermally induced formation rate does not depend on the e-beam energy, from the two intercepts we obtain the average estimate of ݇ ௧ = (0.3·10 -6 ± 1.1·10 -5 ) s -1 . Taking the upper limit for ݇ ௧ defined by the error bar as 1.41·10 -5 s -1 , assuming the frequency pre-factor P in equation (2) of the order of 10 12 s -1 (computed for the SW defect in graphene [22] ) and the temperature of the sample as 300 K, we obtain a lower estimate for the activation energy of thermally induced formation of SW defects as ‫ܧ‬ = 23 kcal/mol (or 1.0 eV).
In order to account for short-lived and thus undetected defects we have measured the lifedose of each of the 182 observed SW defects, and fitted their distribution to the geometric distribution (10) as shown in Figure 3 (details are in the Supporting Information). The total number of created SW defects was calculated to be 186 at 60 keV and 169 at 80 keV; using these estimated totals, the revised values of the formation cross-sections, σ f , are (0.096 ± 0.004) barn at 60 keV and (0.164 ± 0.013) barn at 80 keV, with the standard errors associated with the geometric distribution fitting. At this point, we should comment on the relevance of the statistical fit shown in Figure 3 , which did not account for the thermal contribution to the healing process. Thermally induced events should follow the same statistics as radiation induced ones if the underlying physical process of energy transfer via sequential collisions is the same. However, the number of thermally activated events should be sampled over the lifetime rather than the lifedose.
Although the latter is not a direct function of the former (due to the use of different electron fluxes in the different experimental series) they are correlated: at any fixed flux there is a linear relation between the two. This implies that the shape of the distribution will not be dramatically affected and thus the total number of events can be estimated accurately. Of course the meaning of ߪ determined from this distribution becomes obsolete; however the M A N U S C R I P T
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14 total number of the existed defects N remains accurate, as do the values for formation crosssection, ߪ , derived from it. Table 1 summarises the obtained values of cross-sections and activation energies in comparison to theoretical predictions found in the literature. It is important to note that all existing works describing the SW transformation under electron irradiation have considered solely ballistic atom displacements (direct knock-on damage) [4, 20, 21, 23] , which is well described by the McKinley-Feshbach approximation [18, 24] ; in contrast the cross-sections measured in this work do not include any assumptions about the mechanism of energy transfer from the electron beam to the sample. As is seen in Table 1 , only a few values fit well to theoretical expectations: the lower limit of thermal activation energy for formation is indeed lower than any theoretical estimation; the thermal activation energy for healing is much lower than theoretical values for direct healing, however it corresponds well to a predicted [25, 26] adatom catalysed mechanism; ߪ at 80 keV is slightly below predicted upper limit. The rest of the results are in striking disagreement to theoretical expectations. If the theoretical estimation for ߪ was correct for 60 keV, not a single SW defect would be observed at this beam energy throughout the duration of all our experimental series, while we see them appearing at a similar rate as at 80 keV. The observed ߪ exceeds the theoretical value by 3 orders of magnitude. Table 1 . Summary of our measured cross-sections of irradiation induced processes and activation energies of thermally induced processes (in bold), in comparison with theoretical estimations from the literature (in italics). Cross-sections are given per atom for formation and per defect for healing. [25, 27] , adatom catalysis: 2.3 eV [25] M A N U S C R I P T A C C E P T E D Similarly, the experimentally measured cross-sections for healing at both beam energies are dramatically higher than expected for the ballistic mechanism. Theoretical values of ߪ (based on this mechanism of direct knock-on damage, with a threshold energy calculated as 13 eV) [21] imply that the lifetime of a SW defect should be of the order of 100 seconds in our conditions, which is very different to what we (and others [20] ) 
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One potential explanation for the high reaction rates could be heating induced by the electron beam. Although the average temperature increase in the electron beam is estimated not to be higher than 1 K, [29, 30] every electron colliding with the lattice atoms creates a thermalized spot in which the temperature may be very high. As the size of such spots is substantially larger than the size of SW defect, the reaction might potentially be activated by electron-tonucleus collisions in an extended area, thus efficiently increasing the cross-section. We have thoroughly investigated (see the Supporting Information) the effect of such thermal spikes on the reaction rate and concluded that, for our experimental conditions, thermal spikes are too short-lived to have any substantial contribution.
As electron-nucleus interactions have been eliminated as a possible mechanism leading to quick healing of the SW defect, we now consider routes of energy transfer via excitation of the electron system of graphene. The typical cross-sections for emission of core electrons are of the order of thousands barn (as an example, Egerton [12] Error! Bookmark not defined.
estimates the radiolysis cross-section of elemental carbon to be 2100 barn at 100 keV). The high conductivity of graphene precludes ionisation as a mechanism of structural changesquenching by conduction electrons will occur on a much quicker timescale than bond rotation. However, inter and intra band excitations of electrons in graphene have been determined to have anomalously long lifetimes in the order of 10 ps, [31] [32] [33] and a conical intersection was shown to provide a nonadiabatic pathway for the SW rotation in a pyrene model, reducing the activation energy when starting from an electronically excited state. [34] The authors of this study speculate that "there should be nonnegligible effects of electronic excitation and nonadiabatic transitions (NATs) on the reaction mechanism of SWR induced by electron irradiation."
A theoretical study of the response of the SW defect in graphene to ultrafast laser pulses [35] indicates that relaxation of exited electronic states occurs through the generation of strong 
Conclusions
We have developed and tested a new statistical atomic kinetics approach for measuring kinetic parameters of chemical reactions. The proposed methodology has been validated and experimentally demonstrated using the fundamental reaction of bond rotation in graphene.
The concept, however, is more general and can be extended to other reactions that can be accessed by AC-HRTEM. It has been shown that the proposed approach allows for the discrimination between irradiation induced and thermally activated reaction pathways; activation energies of elementary reaction steps can be determined for the latter. 
